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Abstract 
The Fast Field-Cycling Nuclear Magnetic Resonance (FFC-NMR) is a technique used to study the 
molecular dynamics of different types of materials. The main elements of this equipment are a magnet 
and its power supply. The magnet used as reference in this work is basically a ferromagnetic core with 
two sets of coils and an air-gap where the materials’ sample is placed. The power supply should 
supply the magnet being the magnet current controlled in order to perform cycles. One of the technical 
issues of this type of solution is the compensation of the non-linearities associated to the magnetic 
characteristic of the magnet and to parasitic magnetic fields. To overcome this problem, this paper 
describes and discusses a solution for the FFC-NMR power supply based on a four quadrant DC/DC 
converter. 
Introduction 
The FFC-NMR is a technique used to measure the spin-lattice relaxation times of different types of 
materials [1-4]. The FFC-NMR technique is usually implemented by devices having as main elements 
a magnet and a power supply (Fig. 1) [5-8]. During a FFC-NMR experiment several phases are 
observed (Fig. 2), during which the samples are submitted to magnetic flux density cycles of different 
intensity and duration. A regular cycle comprises three phases: the polarization phase, when a 
magnetic flux density with high amplitude (BP) is applied in order to magnetize the particles and 
arrange them in a certain way. Then, the second step is the evolution phase, where a very low field 
(BE) is applied during a certain interval, to let the samples rearrange to their equilibrium state, both 
magnetically, as well as thermal equilibrium. Finally, there is the detection phase, in which a field of 
high flux density (BD) is applied preferably during a short period of time. 
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Fig. 1: Main blocksof a FFC NMR experiment 
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Fig. 2: Typical magnetic flux density cycle during a FFC NMR experiment 
 
The main requirements of the power supply are: stability and accuracy values of the magnetic flux 
density, at each phase of the cycle and the speed on the transitions between the levels of the magnet 
current [9-11]. 
The main technical problem of the most recent FFC-NMR relaxometers is to set magnetic flux density 
levels below 10T. This difficulty is due to the magnetic characteristic of the magnet (hysteresis, 
saturation and parasitic currents) and due to parasitic magnetic fields, as for instance the components 
of the Earth magnetic field. 
To overcome this technical issue, a new solution for the FFC-NMR power supply, which is new for 
this type of equipment, is described in this paper. This solution is based on a four quadrant DC/DC 
converter. 
Current source 
The power supply that drives the FFC magnet current is based on a four quadrant (4Q) DC/DC 
converter, being the control systems based on a PI controller having as inputs the magnet current 
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reference signal (Iref) and the actual current of the magnet (IM), which is measured by a Hall Effect 
sensor (Fig. 3) [12-15]. 
Using the 4Q converter is handled the problem associated to non-linearities of the load (hysteresis, 
saturation and parasitic currents). With this solution, the magnet current range is within the range  
[-Iα, Imax] in order to set the magnetic flux density within the range [0, Bmax]. With this solution, it is 
possible to eliminate the undesirable magnetic field components controlling the magnet current, i.e., 
magnetizing/demagnetizing the magnet. 
 
Grid
(AC)
Transformer
+
Rectifier
Reference 
Signal
PI 
Controller
Hall 
Sensor
Iref
IM BM
d 
Converter Magnet
 
Fig. 3: Main blocks of the FFC NMR power supply 
 
The topology of the proposed solution is represented in Fig. 4. By setting the switches state it is 
possible to control the magnet current in order to perform the magnetic flux density cycles, as 
represented in Fig. 2. The proposed solution is composed by 3 voltage sources (V1, V2 and Vaux), 5 
IGBTs (S1, S2, S1aux, S2aux and S3), 4 diodes (D1, D2, D1aux and D2aux), a RC filter (R1; C1) and a boosting 
capacitor (Caux; Raux). The FFC magnet has a self-inductance Lm and resistance Rm. 
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Fig. 4: Main circuit of the FFC NMR current source 
 
To the proposed solution is possible to identify the following operation modes: 
 Steady-state; 
 “Up” transition”; 
 “Down” transition. 
 
These operation modes are directly related with the states of the semiconductors, and therefore, 
depend on the voltage source set [16-18]. Voltage sources V1 and V2 assure that the steady-state 
currents are within the range [-Iα, Imax]. The voltage source Vaux (Vaux >> V1, V2) is used to speed up the 
“Up” transitions. 
To explain the power supply operation, it is useful to use the equivalent circuits for each operation 
mode. For that, the switches can be governed by a set of variables that define their binary state, called 
state variables, Γ = {γ1, γ2,…, γn}. Being, γi is associated with the state of the semiconductor Si, the 
formal description for γi is: 
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𝛾𝑖 =  {
0 , 𝑖𝑓 𝑆𝑖  𝑖𝑠 𝑂𝐹𝐹
1 , 𝑖𝑓 𝑆𝑖  𝑖𝑠 𝑂𝑁
  ∀ 𝑖 ∈  {1, 2, 3, 1𝑎𝑢𝑥, 2𝑎𝑢𝑥}
 
 (1) 
 
A. Steady-state 
The equivalent circuit representing the steady-state operation mode within the current range between 0 
and Imax is represented in Fig. 5. 
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Fig. 5: Equivalent circuit for the steady-state operation mode for the range [0, Imax] 
 
In this operation mode, S1 switch alternately, to maintain the magnet current at the desirable level, with 
the help of the capacitor C1, which charges and discharges continuously (S3 ON), being the current IS1 
provided by voltage source, V1. Being VC1 the voltage of the capacitor C1, the magnet current IM and 
the magnet voltage VM are, respectively: 
 
 𝐼𝑀 =  𝛾1𝐼𝑆1 + (1 − 𝛾1)𝐼𝑐
 (2) 
 
𝑉𝑀 ≈  {
𝑉1, 𝛾1 = 1
𝑉𝐶1, 𝛾1 = 0
 (3) 
 
When the magnet current is within the range [-Iα, Iα] (low current values), the equivalent circuit is 
represented in Fig. 6. 
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Fig. 6: Equivalent circuit for the steady-state operation mode for the range [-Iα, Iα] 
 
In steady-state, with the magnet current within the range [-Iα, Iα] both semiconductors of the main 
converter (S1 and S2) switch alternately, to maintain the current level on the target magnet current. 
Again, the capacitor C1 charges and discharges continuously, in order to force a low variation of the 
target current value. The capacitor supplies current to the load when S1 is ON and collects current 
when S2 is ON. 
The electrical equations corresponding to this operation range are: 
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 𝐼𝑀 =  𝛾1𝐼𝑆1 − 𝛾2𝐼𝑆2 +  𝐼𝑐
 (4) 
 
𝑉𝑀 =  {
𝑈, 𝛾1 = 1, 𝛾2 = 0 
−𝑈, 𝛾1 = 0, 𝛾2 = 1
 (5) 
Being U=V1=V2. 
 
B. “Down” transition 
During the “Down” transitions (Fig. 7), S1 and S2 are OFF avoiding interferences with the process of 
reducing the magnet current. S3 can be ON during the “down” transition in order to send current back 
to the boosting capacitor Caux (S2aux ON). The boosting capacitor shall be bigger than needed, i.e. 
should have a higher capacitance value than the value needed for the boost current, so it should be able 
to take the recharging current from both the magnet and the RC filter. 
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Fig. 7: Equivalent circuit for the “down” transition operation mode 
 
The electrical equations for this mode are: 
 
𝐼𝑀 + 𝐼𝑆2𝑎𝑢𝑥 = 𝐼𝑐 
 (6) 
 
𝑉𝑀 ≈ 𝐼𝑀𝑅𝑚 + 𝐿𝑚
𝑑𝐼𝑀
𝑑𝑡
 (7) 
 
C. “Up” transition 
For the “up” transition (Fig. 8), the behavior of the converter is very similar to the “down” transition, 
but, in this case, it is S1aux that is active. Also, S3 is now OFF, so that, the filter is detached to the rest of 
the circuit and the boosting capacitor supply only the load and not the filter’s capacitor. 
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Fig. 8: Equivalent circuit for the “up” transition operation mode 
 
The electrical equation for the “up” operation mode is: 
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 𝑉𝑎𝑢𝑥 ≈ 𝐼𝑀𝑅𝑚 + 𝐿𝑚
𝑑𝐼𝑀
𝑑𝑡
 (8) 
Results 
To validate the proposed solution, the dynamic behavior of the magnet current is the most important 
result. For other hand, the power losses constitute a relevant constraint. 
 
A. Power losses 
The power losses that need to be studied, for heat dissipation control purposes, are: 
- the losses of the semiconductor (diodes and IGBTs): the different types of losses considered 
are the conduction losses or switching losses, and 
- Joule losses. 
These power losses depend on a variety of factors and variables such as: the work cycle of the current 
on the magnet; the duration of the cycle; the filter; the boosting capacitor, Caux; the specifications of 
the semiconductors. To calculate the losses, it will be used a non-favorable case scenario, i.e. it will be 
used the kind of operation that leads to high losses on each of the semiconductors. Considering that the 
current cycles as the magnetic flux density (Fig. 2), the following values are considered: 
 Polarization current: 10 A (0.4T); 
 Evolution current: 0 A (0.0T); 
 Detection current: 5 A (0.2T); 
 I: 2A. 
The time duration for each current level are: 
 tP: 16 ms 
 tE: 38 ms  
 tD: 38 ms  
 toff: 4 ms  
 ton: 4 ms 
 T: 100 ms 
For the IGBTs, switching and conduction losses are considered: 
 
Conduction losses: 𝑃𝑐𝑖  =  𝑉𝐶𝐸𝑖𝑠𝑎𝑡𝐼𝑆𝑖𝑎𝑣
 (9) 
Switching losses: 𝑃𝑆𝑖 = 𝑉𝐶𝐸𝑖𝑚𝑎𝑥𝐼𝑆𝑖𝑚𝑎𝑥 (
𝑡𝑜𝑛+𝑡𝑜𝑓𝑓
2𝑇
)
 (10) 
Being 𝑉𝐶𝐸𝑖𝑠𝑎𝑡 the collector-emitter saturation voltage, 𝐼𝑆𝑖𝑎𝑣  is the average IGBT i current, 𝑉𝐶𝐸𝑖𝑚𝑎𝑥  is 
the maximum collector-emitter voltage and 𝐼𝑆𝑖𝑚𝑎𝑥  is the maximum IGBT i current. 
 
For the diodes, only conduction are considered: 
 
Conduction losses: 𝑃𝑐𝑖 = 𝑉𝐹𝑖𝐼𝐹𝑖𝑎𝑣
 (11) 
Being 𝑉𝐹𝑖 the diode i forward voltage and 𝐼𝐹𝑖𝑎𝑣  the average current of the diode i. 
 
Besides the losses on the semiconductors it should be taken into account, for the total losses, the Joule 
losses on the magnet. As it will be observed, these actually represent the major part of the power 
losses, as there is current flowing in and out of the magnet during most of the period. The equation for 
the Joule losses is: 
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 𝑃𝑀𝐽 = 𝑅𝑚𝐼𝑀𝑎𝑣
2 (12) 
 
Being 𝐼𝑀𝑎𝑣  the magnet average current. 
 
For a magnet with Rm = 3Ω, the power losses and the distribution of the power losses are illustrated in 
different situations. In fig. 9, are shown the conduction and Joule losses distribution during a typical 
current cycle. 
 
 
Fig. 9: Conduction and Joule losses distribution during a current cycle 
 
In Fig. 10 are shown the power losses distribution in the semiconductors for to each operation mode. 
 
 
Fig. 10: Power losses distribution in the semiconductors according to each operation mode 
 
In Fig. 11 are shown the power losses distribution in the magnet for each operation mode. 
 
 
Fig. 11: Power losses distribution in the magnet according to each operation mode 
 
In Fig. 12 the total distribution of the power losses during a current cycle. 
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Fig. 12: Power losses distribution during a current cycle 
 
As expected, the magnet has far superior power loss values, as there is current on it for almost the 
whole period of operation, unlike the semiconductors. The semiconductors are grouped in pairs Si/Di 
because they both conduct at the same time, and both conduction losses are accounted. In the last 
graph, the losses accounted are in respect to the worst case for each of the semiconductors, and the 
magnet. It also includes the switching losses of the IGBT, although they represent a very insignificant 
part of the semiconductors losses, and even less in the total. 
 
B. Magnet current 
In order to exemplify the performance obtained with the proposed solution, in Fig. 13 is shown the 
magnet current cycle of a typical FFC-NMR experiment (Current repetitive cycles). In Fig. 14a) is 
shown the magnet current behavior during an “up” transition and in Fig. 14b), the magnet current 
behavior during a “down” transition. 
It is interesting to observe the speed of the current transitions, i.e., the time required to change from a 
low current level to a high current level and vice-versa. As it can be seen, the transition rate is 2.5 
A/ms, which fulfils the FFC-NMR technique requirements. 
 
 
Fig. 13: Magnet current cycling 
 
The “up” and “down” current transitions are identical to the other “down” transition, in terms of speed, 
and stabilization time. In addition, repetitive current cycles are observed, i.e., the magnet current 
accuracy is also a requirement that should be fulfilled by this solution. 
Another important result is the current ripple. The current ripple amplitude and shape, in line with the 
implemented control method and the parameters set for the controller, can be somehow different 
according to the current level. For the three current levels used as reference, the maximum current 
ripple amplitude is about 3.5 mA (zoomed images inside Fig. 14), corresponding to a current variation 
(of about 0.35%) that does not prevent FFC experiments [19-20]. 
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 b) “Down” transition 
Fig. 14: Magnet current: a) “Up” transition; b) “Down” transition 
 
Conclusion 
This paper describes a solution running according the requirements of the FFC-NMR technique, which 
overcomes technical issues related with parasitic magnetic fields and non-linearities of the magnetic 
load, since three voltage sources are used in order to control and manage the load current. This paper 
presents the general aspects related with the operation modes of the proposed circuit and its control 
system.  
About the proposed solution, it is important to point out that are other several aspects that could be 
discussed about the performance of the proposed solution taking into account the requirements of the 
FFC NMR technique. 
One of the issues not discussed is the semiconductors voltage stress, but the maximum voltages across 
the semiconductors were taken into consideration, being designed snubbers according to the dynamics 
required by the application. 
As final remark, it should be referred that the magnet was designed in line with the described power 
supply in order to get a solution fulfilling the FFC NMR requirements. 
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